Abstract-A novel hydrostatic pressure sensor based on a few mode fiber (FMF) is proposed. The FMF-based hydrostatic pressure sensor is simply formed by splicing a segment of FMF to two segments of single mode fibers, where the FMF is used as the sensing element. The mode interference between LP 01 mode and LP 11 mode of the FMF provides an interference spectrum of the FMF-based hydrostatic pressure sensor which is sensitive to the hydrostatic pressure applied on the FMF. We experimentally show that there is a linear relationship between the hydrostatic pressure and the wavelength shift of the interference spectrum of the FMF-based hydrostatic pressure sensor.
INTRODUCTION
Optical fiber sensors which can measure a large range of physical, chemical and environmental variables such as temperature, pressure, position, displacement, chemical concentration, moisture, acceleration, load, flow and strain have attracted considerable attention in the past few decades due to their advantages such as small size, light weight, high sensitivity, multiplexing capability, immunity to electromagnetic interference and so on [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among them, several techniques for optical fiber based hydrostatic pressure sensors have been proposed and demonstrated. In 1989, Bock and Domanski demonstrated a high hydrostatic pressure sensor based on the beat length measurement of a highly birefringent optical fiber [18] . In 1991, dynamic pressure sensing was achieved based on an interferopolarimetric method [19] . In 1992, Wang et al. demonstrated a hydrostatic pressure sensor combining a special photoelastic material [20] , where several nonoptical fiber devices such as polarizers, quarter-wave-plates and GRIN lens ware used in the sensor head. In 1998, a side-hole optical fiber pressure sensor was proposed based on the measurement of the pressure-induced birefringence using a matched low-coherence interferometer [21] . More recently, several all-fiber hydrostatic pressure sensors such as hydrostatic pressure sensors based on all-fiber Sagnac interferometer [22] , dual-core fiber [23] , or fiber Bragg grating [24] have been proposed, which will be more suitable for applications in a harsh environment.
In this paper, we propose a kind of hydrostatic pressure sensor based on a FMF with an operational principle of the mode interference between LP 01 mode and LP 11 mode. Hydrostatic pressure sensing is achieved by measuring the wavelength shift of the interference spectrum of the FMF-based hydrostatic pressure sensor. A sensing range of about 40 MPa and a sensitivity of about −23.7 pm/MPa (blueshift) of the proposed hydrostatic pressure sensor are demonstrated. The proposed hydrostatic pressure sensor may be also used for air pressure sensing and have advantages of simple structure, low cost, ease of fabrication and so on.
FEW MODE FIBER
A FMF with an external diameter (fiber core diameter) of 145 µm (17.65 µm) is fabricated by ourselves. Our FMF can support three modes when the operational wavelength is 1550 nm. Figure 1 shows the cross-section of the FMF and LP 01 mode profile, LP 11 mode profile, and LP 21 mode profile of the FMF when the operational wavelength is 1550 nm. Note that all mode profiles are based on the major electric field component of the x-polarized modes. We use a fullvector finite-element method (FEM) is to investigate the guided modes of the FMF. Figure 2 shows effective indices of the LP 01 mode, LP 11 mode, and LP 21 mode of the FMF in a wavelength range from 1500 nm to 1600 nm. For LP 21 mode, a cut-off wavelength of about 1560 nm is observed, which indicates the FMF can only support two modes when the wavelength is larger than 1560 nm. Our calculations also show the confinement loss and bending loss of LP 21 mode are much larger than two other modes. Figure 3 shows the schematic configuration of the proposed hydrostatic pressure sensor and the test system. A segment of 37-cm FMF (fabricated in The Hong Kong Polytechnic University) is spliced to two single mode fibers (SMFs) with an offset of about 10 µm in the radial direction for each fusion-splicing point between the FMF and the SMF (to enhance the power of LP 11 mode). An amplified spontaneous emission (ASE) light source with an output spectrum from 1500 nm to 1600 nm is used as the broadband light source (BLS) in our experiment. An optical spectrum analyzer (OSA) with a resolution of 0.02 nm is used to detect the interference spectrum of the two modes of the FMF. The FMF is fixed inside a sealed oil tank. A high pressure hydraulic pump is used to control the hydrostatic pressure. The hydrostatic pressure is measured and displayed by a pressure meter. When the light is injected into the FMF from the SMF, both LP 01 mode and LP 11 mode are excited in the FMF. The power will be dominantly distributed in LP 01 mode and only a small portion of the power propagates in LP 11 mode when the light is injected into central part of the FMF from the SMF. However, we can adjust the portion of the power propagates in the two modes by employing an offset in the radial direction between the FMF and the SMF which is controlled by a commercial fiber fusion splicer. In our experiment, the offset in the radial direction for the fusion-splicing point between the FMF and the SMF is about 10 µm, which efficiently enhances the power of LP 11 mode. The two modes will interfere when the light recouples to the SMF, and the measured intensity can be given by [25] 
HYDROSTATIC PRESSURE SENSOR
When
I 1 and I 2 are the power distributes in LP 01 mode and LP 11 mode inside the FMF, respectively. L is the length of the FMF and λ is the wavelength of the propagating light. ∆n = n 01 − n 11 is the mode index difference of LP 01 mode (n 01 ) and LP 11 mode (n 11 ), which is sensitive to the hydrostatic pressure applied on the FMF due to the photoelastic effect [24] . Figure 4 shows (a) the output spectrum (black dot dashed curve) of the BLS and output spectrum (red solid curve) of the hydrostatic pressure sensor and (b) transmission spectrum of the hydrostatic pressure sensor. The insert loss of the hydrostatic pressure sensor is about 10 dB, which is mainly due to the offset in the radial direction for the fusion-splicing point between the FMF and the SMF. The wavelength spacing of the interference spectrum (around 1550 nm) of the hydrostatic pressure sensor is about 8.9 nm, which is proportional to the length of the FMF. The extinction ratio is about 10 dB, which is enough for hydrostatic pressure sensing. The transmission spectrum of the hydrostatic pressure sensor is due to the interference of LP 01 mode and LP 11 mode which is described by the Eq. The hydrostatic pressure applied on the FMF-based hydrostatic pressure sensor is controlled by the high pressure hydraulic pump in the test system. When the pressure increases, the interference spectrum of the hydrostatic pressure sensor has a blue-shift. Figure 5(a) shows the blue-shift of wave trough (around 1550 nm) of the output spectrum of the hydrostatic pressure sensor when the applied pressure increases from 0 to 39 MPa. When we focus on the trough wavelength (around 1550 nm) of output spectrum of the hydrostatic pressure sensor, we can find a linear relationship between the hydrostatic pressure and wavelength shift of the interference spectrum of the hydrostatic pressure sensor, which is shown in Figure 5(b) . In order to achieve more accurate information which the output spectrum of the hydrostatic pressure sensor carries, we achieve a polynomial expression by fitting a curve for the output spectrum. For example, we achieve the trough wavelength of the output spectrum by calculating the axis of symmetry of a second-order polynomial which is achieved by fitting the spectrum curve. The sensitivity (S = ∆λ/∆p) of a pressure sensor is defined as the ratio of the wavelength change and the pressure change, which is about −23.7 pm/MPa (minus means a blueshift) for the proposed hydrostatic pressure sensor. The demonstrated measurement range of the hydrostatic pressure sensor is about 40 MPa, which is limited by our test system, but can be further improved for practical applications. 
CONCLUSION
In conclusion, we have proposed and demonstrated a hydrostatic pressure sensor based on a FMF. We fabricated the FMF which can support 2 or 3 modes in the wavelength range from 1500 nm to 1600 nm. The FMF-based hydrostatic pressure sensor is simply formed by splicing a segment of FMF to two segments of SMFs. We have shown that the hydrostatic pressure applied on the FMF results in a blue-shift of the interference spectrum of the hydrostatic pressure sensor. The linear relationship between the hydrostatic pressure and the wavelength shift of the interference spectrum of the hydrostatic pressure sensor has been presented. A hydrostatic pressure sensor has been demonstrated with a sensitivity of −23.7 pm/MPa (blueshift) and a measurement range of about 40 MPa. 
